The phytotoxic effect of the allelochemical cyanamide has been well-documented yet the underlying mechanism for this phenomenon has not been fully characterized. Cognizant of the putative inhibitory effect of cyanamide on aldehyde dehydrogenases (ALDHs), we hereby show that the capacity of mitochondrial preparations from cyanamide-treated soybean seedlings to oxidize acetaldehyde and succinic-semialdehyde was dose-dependently reduced to at most 55% and 70%, respectively. Cyanamide-treated plants exhibited oxidative stress (i.e. increased lipid peroxidation and H 2 O 2 accumulation) that was exacerbated upon exposure to UV-A -symptoms reminiscent of ALDH and succinic-semialdehyde dehydrogenase (SSADH) knock-out Arabidopsis mutants. We suggest that the inhibition of mitochondrial ALDH and SSADH may be a contributory mechanism to the burst in oxidative stress mediated by cyanamide.
Cyanamide is the phytotoxic chemical biosynthesized by four allelopathic species of the Fabaceae family: Vicia villosa (hairy vetch), V. cracca (bird vetch), V. benghalensis (purple vetch) and Robinia pseudo-acacia (black locust) [1] . Although the phenolic acid content of these species has also been afforded phytotoxic potential, cyanamide appears to be the key allelopathic agent [2] . However, the mechanism underlying the phytotoxic effect of this allelochemical has not been fully characterized.
Compelling evidence suggests that allelochemicals may interfere with the growth of neighboring plants by inducing secondary oxidative stress manifested as hyper accumulation of reactive oxygen species (ROS) [3] . Downstream, ROS give rise to increased levels of yet another group of toxic compounds called reactive carbonyl species (RCS), which include the lipid peroxide-derived aldehydes [4] . The accumulation of RCS appears to be inseparable from ROS, exacerbating oxidative stress.
Enzymes play a central role in detoxifying both ROS and RCS. Catalase for example is among the most discussed enzymatic mechanism for scavenging ROS; inhibition of this enzyme leads to increased H 2 O 2 levels. Cyanamide inhibits catalase activity. In fact, this provides the biochemical basis for its use as a dormancy-release agent in orchards [5] . On the other hand, aldehyde dehydrogenases (ALDH) are important in detoxifying RCS. Overexpression of ALDH genes in Arabidopsis thaliana has been shown to protect the plant from lipid peroxidation and oxidative stress [6] . For instance, the mitochondrial ALDH2 is known to detoxify various aldehydes formed under oxidative stress including acetaldehyde and malondialdehyde [7] . Moreover, a specific type of ALDHsuccinic-semialdehyde dehydrogenase (SSADH) -has been suggested to have high functional significance in mitigating oxidative stress [8] . Indeed, SSADH-deficient Arabidopsis mutants produced a phenotype that is hypersensitive to ultraviolet light, is strongly growth-inhibited and highly accumulates ROS/RCS when grown even in normal light conditions [9] . Cyanamide has been shown as a putative inhibitor of ALDHs in mammals [10] , but empirical evidence for such seems to be lacking in plants.
In the present study, we tested the hypothesis that cyanamide reduces the capacity of plants to oxidize acetaldehyde and succinicsemialdehyde. This should increase the susceptibility of the plant to oxidative stress indicated by increased lipid peroxidation and H 2 O 2 accumulation that becomes more pronounced upon exposure to a second stress factor (i.e. UV-A). Using soybean seedlings as model plant, we hereby present data suggesting the involvement of ALDH inhibition and oxidative stress in the phytotoxicity mediated by cyanamide. The mitochondrial preparation from etiolated soybean seedlings that imbibed cyanamide during a 6-hour pre-treatment exhibited decreased capacity to oxidize both acetaldehyde and succinicsemialdehyde in a dose-dependent manner (Fig 1) . The rate of acetaldehyde oxidation using mitochondria from soybean seedlings imbibed with 20 ppm cyanamide was only 65% of the control. This further declined to 45% in seedlings imbibed with the higher 50 ppm concentration of cyanamide. When succinic-semialdehyde was used as substrate, the enzyme activity of the control group was 33 molmin -1 g -1 protein. This activity was reduced to 85% and further down to 30% of the control when we used as enzyme source mitochondrial preparations of seedlings imbibed with 20 and 50 ppm cyanamide solutions, respectively. In 14-day old soybeans, administration of cyanamide through the roots was followed by a dose-dependent increase in lipid peroxidation and accumulation of H 2 O 2 that was aggravated by exposure to UV-A ( Figure 2 ). Under photosynthetically active radiation (PAR), only the leaves of soybeans treated with 50 ppm cyanamide had significantly higher levels of thiobarbituric acidreactive substances (TBARS, Figure 2A) , which declined to a comparable level with that of the control after 7 days. Accumulation of H 2 O 2 was also apparent. Interestingly, similarly treated plants but exposed to UV-A supplemented light instead showed high lipid peroxidation that was sustained through to 7 days ( Figure 2B ). This group also had the most pronounced accumulation of H 2 O 2 even at 7 days post-treatment ( Figure 2D ).
Inhibition of enzymatic activity has been cited as among the major underlying causes of restricted plant growth in response to allelopathic compounds [3] . In the present study, the data gathered from cyanamide-treated plants provide an empirical basis for the inhibition of the mitochondrial ALDH and SSADH -two important enzymes for the mitigation of oxidative stress. We propose that the inhibition of these enzymes contributes to the impaired capacity of plants to mitigate oxidative stress, especially upon exposure to a secondary stress factor.
Oxidative stress is among the first responses of plants to cyanamide. Previous research has shown in roots of maize [11] and onion [12] that H 2 O 2 accumulation ensued following cyanamide treatment. Once imbibed, cyanamide is systemically distributed throughout the whole plant with the transpiration system through the symplast [13] . Consistently, treatment of soybeans with cyanamide through the roots also developed symptoms of oxidative stress in the leaves. The high accumulation of H 2 O 2 putatively linked to the inhibitory effect of cyanamide on catalase led to increased lipid peroxidation.
Recovery from oxidative stress was apparently delayed in soybean plants treated with 50 ppm cyanamide and exposed to light supplemented with 5.6 molm -2 s -1 UV-A. This level of UV-A is equivalent to an average daily exposure of 111.9 kJm -2 , which is about 10-folds lower than the average exposure in the natural environment of summer soybeans in Japan (2014 data from the UV Monitoring Network-Japan). Considering the reported 444  326 ppm cyanamide content in the fresh shoots of 9-day-old seedlings of hairy vetch [14] , the conditions used in the present study appears to reflect a plausible scenario in natural conditions. Decreased ALDH activity impairs the capacity of the cells to cope with and prevent further oxidative stress [6] . The inhibition of mitochondrial ALDH observed in this study appears to have a role in the apparently impaired recovery of cyanamide treated plants exposed to UV-A. The mitochondrial isoform of the enzyme, otherwise known as ALDH2 or low K m ALDH, is important in controlling oxidative burst because of its efficient oxidation of aldehydes at micromolecular levels -a sensitivity that is a thousand folds higher than its cytosolic isoform [7] . Consistently, soybeans treated with 50 ppm cyanamide showed pronounced symptoms of oxidative stress from which the plants recovered after 7 days (Figure 2A) . When subjected to the second stress factor UV-A, these plants showed a more intense symptom that was sustained through to 7 days ( Figure 2B & 2D) . These findings are supported by a wealth of research on the inhibition of ALDH in mammalian species which served as the basis for the use of cyanamide as an anti-alcohol abuse medication [10] . Data presented here contribute to the meagerly available information on the inhibition of ALDH by cyanamide in plant species.
To the best of our knowledge, inhibition of SSADH after cyanamide treatment hereby reported is unprecedented in plant species. SSADH is a key enzyme that controls the GABA shunt, which has a major part in C/N metabolism and is considered integral to the TCA cycle, especially under stress conditions [8] .
Inhibition of SSADH activity in knock-out Arabidopsis mutants produced a dwarfed phenotype with persistently high levels of H 2 O 2 when grown in UV-containing light [9] . The SSADH inhibition we have shown here may have also contributed to the incapacity of the soybeans treated with 50 ppm cyanamide to mitigate the burst in oxidative stress when exposed to UV-A similar to that seen in the SSADH knock-out Arabidopsis mutants.
Cyanamide has not been shown to inhibit directly SSADH even in non-plant species. In the present study, the apparent decrease in capacity of the mitochondrial preparation to oxidize succinicsemialdehyde is likely due to the inhibitory action of the alkenal products of lipid peroxidation on SSADH. In previous studies, the lipid peroxidation products acrolein and 4-hydroxy-trans-2-nonenal (HNE) had been shown to inhibit mitochondrial SSADH from rat brain in an irreversible and noncompetitive manner [15] . Interestingly, ALDH2 is also inhibited by acrolein [16] and HNE [17] suggesting that these two alkenals may have also contributed to the reduced capacity of the mitochondrial preparation to oxidize acetaldehyde. Thus, further studies along this theme should confirm the inhibitory action of cyanamide on SSADH, and determine the contribution of the alkenal products of lipid peroxidation to the total reduction in the acetaldehyde oxidation capacity. Further, recent studies have also shown that a cytosolic isoform of ALDH, ALDH7, is involved in the detoxification of acetaldehyde and malondialdehyde [18] .
In conclusion, this study lends support to the involvement of oxidative stress in the phytotoxicity of cyanamide. We further suggest that the inhibition of mitochondrial ALDH and SSADH due to the action of cyanamide, directly or indirectly, may be a contributory mechanism to the observed oxidative stress. The role of this mechanism is further corroborated by the reduced capacity of plants treated with cyanamide to cope with exposure to UV-A which exacerbated oxidative stress.
